Abstract: Studies in a large (30 000 km' ) sampling grid around Elephant Island, Antarctica, during January-March of four successive years (1990) (1991)(1992) (1993) have shown that one of the water types within the sampling area (Drake Passage water) shows low chlorophylI a in surface waters and a subsurface maximum between 50 and 80 m depth. Ancillary data (beam attenuation, in situ chl a fluorescence) support theview that the extracted chl a values actually do represent increased phytoplankton biomass at depth; other data (oxygen concentrations and upwelling radiance at 683 nm) suggest that the phytoplankton within this subsurface maximum layer are photosynthetically active and do not represent a senescent, sinking population of cells. Such deep chl amaxima were found only in Drake Passage waters; in the other four water types sampled, chl a concentrations were maximal in surface waters and decreased with depth. Phytoplankton biomass and activity in Drake Passage waters is suggestive of a nutrient limitation for phytoplanktongrowth in surface waters. Nutrient concentrations of N, P, and Si were high throughout the euphotic zone at all stations, and hence it is unlikely that any macronutrient would be limiting. The data presented in this paper support the hypothesis of Martin and colleagues that availability of Fe may limit phytoplankton biomass in pelagic Antarctic waters, but not in coastal waters where Fe concentrations are relatively high. All other reports on the effectsofFeonAntarcticphytoplanktonhaveutilizeddeckincubationsfromwhichitisdifficult toextrapolate such evidence of nutrient limitation to in situ conditions. Our data represent the first in situ evidence linking Fe limitation to the paradox ofhigh macronutrient concentrations and low phytoplankton biomassin Antarcticpelagic waters.
Introduction
During crossing of the Drake Passage in January 1990 on NOAA Ship Surveyor en route to the study area around Elephant Island for the US. AMLR 
(Antarctic Marine Living
Resources) programme, three lowerings of our CTD-rosette with Niskin bottles were made between 5&59"S, 60-63"W.
Chlorophyll a (chla) concentrations were low (0.1 1-0.16 mg m") in surface waters (1-lorn), but increased to maximal values (0.18-0.24 mgmS) at depths between50 and 100m. As we had only temperature and salinity data in addition to water samples for measurement of chl a concentrations, it was not feasible to speculate on the reasons why chl a reached maximal values at such depths. Such deep chl a maxima are well known from oligotrophic waters at low latitudes (Eppley et al. 1973 ), but these are caused by limitation of macronutrients (mostly nitrate and phosphate) and hence cannot beequated with thedeep chl a maxima in Antarctic waters. Subsurface chl a maxima in Antarctic waters have been reported (e.g. Smith & Nelson Dedicated to Dr. John Martin, whose pioneering chemical studies focused attention on the importance of micro-elements in pelagic Antarctic waters 1985) , but only at depths down to about 20 m. Such subsurface maxima are believed to be caused either by photoinhibition effects of solar radiation on low-light adapted phytoplankton or by stripping of macronutrients (N, P). Based on data on photosynthesis-irradiance characteristics (Tilzer et al. 1985) as well as on in situ measurements of primary production (Holm-Hansen et al. 1977) , subsurface maxima in chl a concentrations due to photoinhibitory effects in Antarctic waters arelimitedto theupper 10-20mofthewatercolumnandcannot be responsible for the deep chl a maxima observed in the Drake Passage. Assimilation of macronutrients in Antarctic waters down close to the detection limit for nitrate and phosphate are rarely reported in the Southern Ocean, and when they are, they are for stations in coastal waters (e.g., Holm-Hansen et al. 1989 , Holm-Hansen & Vernet 1990 . Deep chl a maxima at depths of 50-70 m in pelagic Antarctic waters have been mentioned previously (El-Sayed 1988) , but without any discussion as to the origin and significance of such high phytoplankton biomass at depth. We thus did not have any plausible explanation for the deep chl a maximum in Drake Passage waters when we first noticed it in 1990. DuringJanuary to March 1990 March -1993 , the AMLRprogramme Fig. 1 . Map of the sampling grid for the AMLR studies in 1993, showing the location of all 91 stations in the three zones: zone A (low chl a concentrations in surface water, but with a subsurface maximum at 50-100 m depth); zone B (chl a concentrations greatest in surface waters); zone C (chl a concentrations low and more uniform with depth). Four stations (0) were excluded from the calculations as their profiles of temperature and salinity indicated they were mixtures of contiguous water types.
indicates stations selected as representative of the zones A, B, and C. Depth contours are shown in metres.
occupied a sampling grid of c. 30 000 km2 around Elephant Island (see Fig. 1 ) and obtained detailed profiles of physical, chemical, optical, and biological characteristics in the upper water column (0-750 m) at every station (74,180,188, and 206 stations in 1990, 1991, 1992, and 1993, respectively) . Examination of the data resulting from these studies showed dramatic differences in phytoplankton characteristics throughout the sampling grid which appeared to be related to the different water masses as well as to the mixing zones or fronts between water masses (Helbling et al. 1993) . In this paper we use the largest and most recent of the above data sets (from 1993) to relate the appearance of the deep chl a maxima (between50 and 100 m) to a specific water mass and to suggest that such deep chl a maxima in Ant arcticwaters result from a nutrient limitation in the overlying water. It should be noted that the data sets from the threeprevious years (1990) (1991) (1992) werenot quite as complete in regard to number of stations occupied, but the physical and biological characteristics of the water column throughout the sampling grid were very similar to those described for the 1993 data set. It thus seems that the oceanographic features and the evidence of a nutrient limitation of phytoplankton growth as described in this paper for the region around Elephant Island persist from year to year.
Materials and methods
All studies were done onNOAA ShipSuweyor, which occupied each of the 91 stations shown in Fig. 1 Data from all sensors were acquired on both the down and up casts using a 386,25 MHz PCconnected to the Sea-Bird deck unit.
2) When weather and sea state conditions were good, a profiling radiometer (BSI Inc., model PUV-500) was lowered to 100 m for measurement of downwelling irradiance (PAR) and upwelling radiance at 683 nm as a function of depth. Data were recorded at the rate of once per second in a 386 PC, simultaneously with signals from a deck cell which recorded incident solar radiation (PAR). These measurements are used to estimate the instantaneous in situ rate of photosynthesis as described by (Chamberlin et al. 1990) . Data for upwelling radiance at 683 nm between the surface and 7 m depth are not shown in the Results section, as upwelling radiance at 683 nm resulting from scattering of downwelling solar irradiance at 683 nm can be detected to -5 m depth. In order to ensure that our data included only 683 nm radiation resulting from chl a fluorescence, we excluded an additional 2 m of data, and hence present data only for depths exceeding 7 m.
3) Water samples, which were obtained on the up cast, were taken at standards depths of 5, 10, 15,20,30,40,50,75, 100, and 200 
Results
On the basis of the temperaturehalinity data five water types were evident within the AMLR study area. These were: Type I, Drake Passage water (warm, low salinity); Type 11, a transition water; Type 1 1 1 , Weddell-Scotia Confluence water; Type IV, Eastern Bransfield Strait water; Type V, Weddell Sea water (little vertical structure, cold surface temperatures). For a more detailed description of these water types, see Amos & Lavender (1991) . There were three different patterns of chl a distribution with depth which could describe the pattern at nearly all the stations: A included all stations within water type I, B included all stations within water types 11,111, and IVY and C included all stations within water type V (sez Fig. 1 ). Examination of all the data from Leg I (Jan-Feb) and Leg I1 (Feb-March) indicated that the distribution patterns of the five water types changed slightly between Leg I and Leg I1 (Amos et al. 1993) , with the result that the demarcation lines for zones A, B, and C also changed slightly. As the relationshipsbetweenchladistributions with depth and the different water types were consistent among the three zones (A, B, C) during either Leg, in the following section we present data only from Leg I of 1993.
The chl a distributionscharacteristicof these threegeographical zones are shown in Fig. 2 . Stations in zone A have low phytoplankton biomass in surface waters, with a subsurface maximum at around 75 m; stations in zone B have the highest chl a concentrations of the three zones, with maximal chl a concentrations close to the surface, below whichvalues decrease
Chlorophyll-a (mg m") rapidly with depth; stations in zone C also have maximal values (but which are relatively low) close to the surface, but the values decrease very slowly with depth down to 100 m.
To relate the chl a profile patterns to physical characteristics of the upper water column and to verify that extracted chl a data do indicate the distribution of physiologically active phytoplankton, pertinent data for representative stations within eachofthe threezones areshowninFig. 3 (stationA-20forzone A), Fig. 4 Data in Fig. 3 show that the profile of extracted chl a values ( Fig. 3a) is similar to the mean pattern for all the stations within zone A (Fig. 2a) , and also that the chl a profile as determined with the pulsed insitufluorometershowsasubsurfacemaximum which is at -65 m. The temperature profile (Fig. 3b) shows the presence of Antarctic Surface Water (AASW), with a minimum of -1.5"C at 100 m. The profiles of salinity ( Fig. 3c ) and water density ( Fig. 3d) show an upper mixed layer (UML) of -50 m, with weaker stratification at 20 m. The chl a maxima are thus below the relatively stable UML of 50 m. The profile of beam transmission ( Fig. 3e) , which is a good indicator of the concentration of total particulate organic carbon (POC) in Antarcticwaters( Vil1afaiieetal. 1993) ,isinagreement with the above data in that minimal transmission is at -55 m, and that transmission increases slowly down to -140 m. The profile for attenuation of solar radiation ( Fig. 3f) shows that the 1% light depth is at -80 m and also that there is increased absorption of solar radiation between 50 and 110 m, which agrees with the distribution of phytoplankton biomass discussed above. The distribution of oxygen with depth ( Fig. 3g) shows fairly uniform concentrations within the UML of 50 m, with significantly higher concentrations between 50 and 100 m, but with maximal concentrationsclose to60m. The highest ratesofphotosynthesis are found within the UML, but rates are still fairly high at 80 m ( Fig. 3h) . Although biomass values are highest between 45 and 80 m, the irradiance in this depth interval (-7% to -1% of surface irradiance) is limiting photosynthesis and hence photosynthetic rates decrease rapidly between 45 and 80 m depth.
The profiles of phytoplankton biomass and associated photosynthetic activity at stationA34 (zone B) are very different from those described above for zone A. Maximal chl a concentrations are found at or close to the surface and decrease rapidly down to 80 m (Fig. 4a) . This distribution of biomass is also indicated by the in situ 'pulsed' fluorometer; the decrease in fluorescence from 20 m depth to the surface is not indicative of decreasing chl a concentrations, but is due to inhibition of chl a fluorescence under conditions of high solar irradiance (Kiefer 1973) . The profile of temperature ( Fig. 4b) does not show the presence ofany layer ofcoldAASW,but insteadshows a continual decrease with depth. Profiles of salinity ( Fig. 4c ) and of water density ( Fig. 4d ) both suggest a weakly stratified UML of -20 m, with slowly increasing values below that depth. Data from the transmissometer (Fig. 4e) show low transmission within the upper 20 m, indicative of high and fairly uniform concentrations of phytoplankton, and rapidly increasing values below that depth. The profile of solar radiation with depth ( Fig. 4 9 shows a continual decrease in rate of light attenuation with depth, which is consistent with the phytoplankton distribution mentioned above. The distribution of oxygen ( Fig. 4g) shows fairly uniform values from the surface to -80 m depth, and decreasing values below that. The profile of rate of photosynthesis with depth as measured with the 'passive' fluorometer ( Fig. 4h) shows a continual decrease with depth, with maximalvaluesclose to 7m. This decrease inphotosynthetic rate with depth roughly parallels the phytoplankton biomass ( Fig. 4a) and is very different from the profile seen in Fig. 3h . Station A85 (zone C) had relatively low chl a concentrations which decreased slowly from the surface to 100 m depth. The decrease of in situ chl a fluorescence from 50 m to the surface is likely due to photoinhibition of fluorescence, and not to decreasing chl a values (Fig. 5a) . Profiles of temperature ( Fig. 5b) and salinity ( Fig. 5c) showedrelatively little change in the upper 200 m of the water column, resulting in a change of only 0.02 and 0.10 sigma-t units in the upper 100 m and 200 m, respectively, with a weak pycnocline at 100 m (Fig. 5d) .
Transmissometer data showed high values for beam transmission (-90.3%) in the upper 100 m, indicating low and uniform distribution of particulate material; below 100 m the beam transmission values increased to -91% between 120 and 200 m (Fig. Se) . The profile of attenuation of solar radiation ( Fig. 5f ) alsoshowedincreasedtransmittance oflightbelow loomdepth, and that 1% of surface irradiance was found at -100 m. Dissolved oxygen data ( Fig. 5g) showed high values at the surface and slowly decreasing values down to 100 m, below which concentrations decreased more rapidly. In situ photosynthetic rates were maximal close to the surface and decreased exponentially down to the 1% light level at 100 m ( Fig. 5h) . During the 1993 studies inorganic nutrient concentrations weremeasuredat only four depthsat eachstation(5,50,200,and 750 m), and hence detailed profiles of nutrient concentrations are not available for that field season. During the 1991 studies, however, nutrient concentrations were measured at nine depths between 5 and 100 m at a limited number of stations. The physical and biological characteristics at stationsA37, A02, and D23 (January-March 1991) were very similar to those stations discussed above as being representative for zones A, B, and C. The nutrient concentrations in the upper 100 m at these three stations from 1991 are shown in Fig, 6 . It is seen that depletion of N, P, and Si at station A37 (typical for zone A) extended to greater depths as compared to stations A02 (zone B) and D23 (zone C). Nutrient depletion in the upper 40 m at station D23 was very little as compared to that in the other two stations.
Silicic acid concentrations in the upper 100 m at station A37 were only 5 0 4 0 % of the Si concentrations at the other two stations. The nutrient concentrations measured at 5 and 50 m for stations within zones A, B, and C during the 1993 AMLR programme werevery similar to the above nutrient profiles from 1991. The concentrations of nitrate, phosphate, and silicic acid are all well above published figures of growth-limiting concentrations for phytoplankton (Parsons et al. 1977, p. log) , and hence it is not likely that any macro-nutrient element is limiting phytoplankton growth at any of the stations within the AMLR study area.
Discussion
The data presented in Figs 2-5 show that 87 of the 91 stations within the AMLR study area can be included in one of three zones which are characterized by a unique combination of physical and biological characteristics of the upper 100 m of the water column. The boundary between zones A and B is similar to the boundary separating water types I and I1 as described by Amos et al. (1993) ; the boundary between zones B and C is similar to the boundary betweenwater types IV and V. The most striking feature regarding the distribution of phytoplankton biomasswithinzoneA(watertype1)isthe subsurfacemaximum of chl a concentrations between 50 and 100 m depth and the relatively low values of chl a in the upper 20 m of the water column. This pattern of chl a distribution with depth was a consistent feature of all stations in zone A (see Fig. l) , and was also consistent for all four years of our study. The area encompassing zone A stations has been termed 'Drake Passage water" by Amos (1993) on the basis of the temperature-salinity structure, and is also characterized by the presence of AASW which has a temperature minimum (<-l.O"C) between 50 and 150 m. Stations in zones B and C do not show the presence of AASW or any subsurface maxima in chl a concentrations.
It should be noted that the origin and significance of the deep chl a maximum described above for Antarctic waters is not comparable to the situation prevailing in oligotrophic waters at low latitudes, where macronutrients (nitrate and often phosphate) are usually below limits of detection by conventional methodologies. Even though the deep chl a maxima at low latitudes may present a similar profile to the chl a maxima in pelagicAntarcticwaters, the factorsresponsiblefor theseasonal development of these chl a maxima at low vs high latitudes are very different The origin and significance of the deep chl a maximum in Antarctic pelagic waters thus are not simply an extrapolation of the phenomenon found at low latitudes, but instead represent a situation which has hitherto not been described in Antarctic waters.
In the following sections we present arguments to support the hypothesis that such deep subsurface chl a maxima in Antarctic waters are indicative of a nutrient limitation of phytoplankton biomass in surface waters, and that this limitation is not related tomacro-nutrients, but rather to availability of amicro-nutrient such as Fe. Our evidence includes: a) Antarctic waters are usually characterized by either high and fairly uniform chl a values within the UML and decreasing values below the pycnocline, or a chl a maximum at depths to which 25-50% of solar radiation penetrates (El-Sayed 1985) . When surface chl a values are lower than between 10 and 20 m depth, it is generally due to photoinhibitory effects and should not be confused with the deep subsurface maxima noted in our data. Also, our deep chl a maxima should not be confused with the chl a maxima reported at 5-10 m at stations in coastal Antarctic waters where macronutrients have been depleted close to the detection limits.
b) The deep chl a maxima are specific to stations within zone A@rake Passagewater), andon the basisofourobservations in 1990, such deep maxima apparently extend northward all the way to the Polar Front. The deep chl a maxima thus seem to be limited to pelagic waters and are not typical for coastal waters. However, the important thing is not the depth of the water column, but the immediate source and nutrient content of the water. For example the waters at the deep stations within Zone B (in the NE portion of the sampling grid) originate from the Bransfield Strait and the southern portions of the Weddell Sea and the Bellingshausen Sea, all of which represent continental shelf environments; the upper water column at such stations should have relatively high concentrations of Fe. c) Our data on profiles of beam transmission, attenuation of solar radiation, and in situ fluorescence of chl a at all stations in zone A support the extracted chl a data that suggest maximal concentrations of phytoplankton biomass occur in subsurface depths below 50 m. This is also very evident from the slopes of the light attenuation curves shown in Figs 3f, 4f , and 5f. Data on upwelling radiance at 683 nm and oxygen concentrations with depth indicate that the phytoplankton found within the subsurface layers are physiologically active. This conclusion is also supported by data (i) on direct floristic examination of the phytoplankton from various depths, which show that microscopically determined phytoplankton biomass is proportional to the measured chl a concentration, and (ii) by experimental photosynthesis-irradiance measurements on samples in temperature-controlled deck incubators which show photosynthetic assimilation numbers of healthy cells at the in siru irradiances (Helbling 1993) . d) Concentrations of inorganic macro-nutrients (N, P, Si) far exceed concentrations which have been found to be limiting for phytoplankton growth. e) Direct experimental data from stations in Drake Passage water within (i.e., in zone A) and to north of the AMLR grid have shown that addition of Fe has a dramatic effect on increasing phytoplankton biomass in surface water samples maintained in deck incubators; in contrast, addition of Fe to surface water samples from stations within zone B had no such effect (Helbling et al. 1991) . Similar effects of addition of Fe have been reported for northern pelagic Weddell Sea water (de Baar et al. 1990 ) and for northerly portions of the Ross Sea (Martin et al. 1991 ).
f) It was noted above that all stations with a subsurface maximum of chl a were also characterized by the presence of AASW, which is apparent as a layer of cold (<l.O°C) water between 50 and 150 m depth. The depth of the chl a maximum, as well as the depth at which the maximum concentration of oxygen is found (Fig. 3g) , are within the cold layer of AASW but their maxima are not coincident with the depth of the temperatureminimum. One possible explanation forthisis that the layer of cold AASW has higher concentrations of a growthlimiting factor(s), which results in an increase ofphytoplankton biomass. As solar irradiance within the cold layer of AASW is low and below most published 1,values (Tilzer et al. 1985) , the depthofthechlaandoxygenmaximawouldbe within theupper portionsofthelayer ofAASW, where therewouldbe anutricline of the limiting nutrient. The oxygen maximum at -60 m depth (Fig. 3g) is reminiscent of the deep (50-90 m) subsurface oxygen maximum described by Shulenberger & Reid (1981) for oligotrophic waters at mid-latitudes in the north Pacific Ocean, but it must be noted that the oxygen content of AASW during winter time would be expected to be close to saturation values. Examination ofthe oxygen profile in Fig. 3g indicates, however, that the oxygen profile is not a mirror-image of the temperature profile (Fig. 3b) ; the upper portion of the AASW (55-80 m) has higher oxygen concentrations than the lower portion (100-120 m), which is the opposite of the temperature profile. This would be in agreement with our suggestion that phytoplankton photosynthesis results in enhanced oxygen concentrations in the upper portions of the AASW.
The above discussion assumes that the cold layer of AASW is enriched in the inorganic micro-nutrient which is limiting phytoplankton biomass in surface waters. Assuming that this limiting element is Fe, one can speculate on the process by which this cold layer of AASW would be enriched in Fe. The cold layer of AASW represents the lower portion of 'winter water', which is cold ( c 1OC) and well mixed from the surface down to >lo0 m during winter time; this layer of AASW extends from the Antarctic continental shelf to close to the Polar Front (Severs & Nowlin 1984). During the winter period both integrated daily PAR values for solar radiation and chl a concentrations are very low in the upper portion of the water column, and hence there would be relatively little uptake of inorganic nutrients by phytoplankton. Studies by Martin et al. (1990) show that Fe concentrations in deep water (>1000 m) are fairly low, and that the bulk of the Fe required by phytoplankton in the euphotic zone originates from atmospheric fallout (Martin & Gordon 1988) . The long winter and spring period thus could be visualized as a time when Fe is accumulating in the AASW due to increased input of Fe from atmospheric sources as well as from melting sea ice, coupled with relatively little active assimilation of Fe by phytoplankton due to low solar irradiance. Withsolar warming of surface waters in late spring-summer, a well developed UML would form (see Fig. 3b,d) , with subsequent phytoplankton growth and stripping of available Fe within the UML. The time of the AMLR cruises would thus occur at the time of year when phytoplankton growth in the UML is limited by Fe, but the remnants of the cold AASW between 50-150 m would still contain elevated concentrations of Fe and result in enhanced phytoplankton biomass at depths corresponding to the ferrocline.
If the above interpretation is correct, one might askwhy the chl a maximum at depth is not much greater in magnitude as compared to surface waters, or why it is not characterized by large diatoms, which apparently can outgrow other algal groups when Fe concentrations are high. However, the solar irradiance at the depth of the chl a maximum is about 1% of incident radiation (Fig. 3f) , which is close to the light compensation value to achieve net light-activated C0,uptake. Thus even though growth limitation by Fe might be relieved, the rate of accumulation of phytoplankton biomass at these depths would become limited by light. As there is always grazing by heterotrophic organisms on the nanoplanktonhttps://www.cambridge.org/core/terms. https://doi.org/10.1017/S0954102094000489 sized phytoplankton cells in Antarctic waters (Hewes et al. 1990) , the steady-state phytoplankton biomass will be held at relatively low values through the interaction between autotrophic growth rates and heterotrophic grazing rates. The phytoplankton in the chl a maximum layer are predominantly nanoplankton and not micro-sized diatoms. This would not be evidence against our Fe hypothesis to explain the deep chl a maximum, as the larger diatoms in Antarctic waters thrive best under high irradiances (Sakshaug & Holm-Hansen 1986) , and hence they would not be expected to out-compete nanoplankton under the low irradiances prevailing at the depths of the deep chl a maximum.
g)
Direct measurement in Antarctic waters by Martin et al. (1990) has shown that coastal waters (such as water types 11,111, and IV) have sufficiently high Fe concentrations that phytoplankton growth is not limited by Fe availability, but that pelagic waters have low Fe concentrations which may limit phytoplankton biomass well before any macro-nutrient becomes limiting. Such a distribution of available Fe would be consistent with our findings on the distribution and biomass of phytoplankton in the AMLR study area.
Previous studies (Helbling et al. 1993) in the AMLR area have shown enhanced phytoplankton growth in the frontal system betweenwater type I (Drake Passage water) andwater types I1 and I11 (transition and Scotia-Weddell Confluence waters, respectively). The subsurface chl a maxima described above for Drake Passage waters might result from advective intrusion of enhanced phytoplankton biomass found in this frontal mixing zone. This suggestion seems unlikely, however, for the following reasons: (i) the geostrophic flow patters in this area are predominately in a northeasterly direction (Stein 1988) , whereas the subsurface chl a maxima extend in a north-westerly direction from close to the continental shelf break north of Elephant Island to the Polar Front; (ii) data suggest that the directions of geostrophic flow patterns within the entire upper 500 m of the water column are fairly similar (Sievers & Nowlin 1988) ; (iii) if the elevated phytoplankton biomass in the frontal system were the source of the deep subsurface chl a maxima, there should be a pronounced gradient in chl a values from the south to the north; no such gradient was discernible in our data; (iv) where chl a values were high phytoplankton consisted mostly of diatoms >20 pm in size, whereas the phytoplankton in the subsurface chl a maxima consisted predominantly of nanoplankton sized cells (<20pm) and such a change in floristic composition is not consistent with the 'advection' suggestion; (v) data in Fig. 6 show that there is a dramatic difference in silicic acid concentrations for stations in region A (-5OpM) as compared to stations in regions B or C (-8OpM). If the subsurface chl a maxima in region A were due to intrusion of water from phytoplankton-enriched waters to the south, there should be elevated silicic acid concentrations associated with the chl a maxima. No such silicic acid signal was seen in any our data. All available physical, chemical, and biological data thus are supportive of our hypothesis concerning the formation of the deep chl a maxima. The authors are not aware of any data which suggest that the chl a maxima arise by intrusion from other water masses.
Mitchell etal . (1991) , onthebasisof studies inGerlacheStrait and the Scotia Sea, have suggested that the paradox of low phytoplankton biomass in nutrient rich Antarctic waters is due mainly to deep mixing of the euphotic zone, whereby the balance between rate of CO, reduction and the accumulated losses of organic carbon (respiration, grazing, settling) is such that phytoplankton biomass is maintained at the low concentrations observed. This would be an alternative hypthesis to explain the 'paradox' of Antarctic waters, but it need not be exclusive of the Fe hypothesis as first suggested by Hart (1934) and much later supported by the chemical measurements of Martinet al. (1990, 1991) . This effect of physical mixing processes certainly is important and is a controlling factor for phytoplankton distribution and biomass in many situations, but the values used in the model calculations for the 'loss' terms (respiration, grazing, and settling) represent approximations based on literature values from studies at lower latitudes. There is thus alargepossible error inthecalculatedrelationshipbetween rates of production and loss of organic carbon in the euphotic zone as described by Mitchell et al. (1991) . The hypothesis put forth by Mitchell et al. (1991) would not explain in any way the formation of the deep chl a maxima as discussed above.
On the basis of the data presented above on the significance of subsurfacechla maxima in pelagic Antarcticwaters, coupled with previous studies of Fe concentrations in Antarctic waters and the photosynthetic response of Antarctic phytoplankton to addition of Fe, it seems reasonable to suggest that both Fe availability and depth of the UML are critical factors explaining the low standing stock of phytoplankton in pelagic Antarctic waters. The authors recognizethatthedatadonot providedirect experimental demonstration of the physiological connection between Fe concentrations, biological responses to Fe addition, and the chl a maxima. Given the potential importance of the question of any Fe limitation of primary production, it would seem important to either verify or disprove our hypothesis that the deep chl a maximum in pelagic Antarctic waters represents the first in situ evidence of limitation of phytoplankton biomass by low Fe concentrations. This would require, however, an intensive, multidisciplinary study which includes use of 'clean' sampling techniques, direct measurement of Fe concentrations, and phytoplankton enrichment experiments, all combined with the suite of physical, optical, and biological measurements as described in this paper. Apromising area for such a study would be the region encompassing the coastal and pelagic areas north of Elephant Island and extending eastward to include the outflow of the Weddell Sea across the Scotia Arc into the Scotia Sea. Such a study hopefully would also provide considerable insight regarding the functional relationships between biomass limitation as influenced by Fe as compared to limitation as influenced by depth of mixing with its effect on mean irradiance experienced by phytoplankton cells.
